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Abstract 

Goal, Scope and Background. Photochemical ozone creation 
potentials (POCPs) typically used in life cycle impact assess¬ 
ment (LCIA) to address the impact category 'photo-oxidant for¬ 
mation’ only provide factors for particular volatile organic com¬ 
pounds and do not take into account background concentrations 
and meteorological conditions. However, the formation of ozone 
from volatile organic compounds (VOCs), carbon monoxide 
(CO) and nitrogen oxides (NO x ) is highly dependent on the back¬ 
ground pollutant concentrations and meteorological conditions. 
Some LCIA manuals therefore recommend working with 
potentials for high background concentrations of NO x (Derwent 
1998), and potentials for low background concentrations of NO x 
(Andersson-Skold 1992). 

Objectives. This study has introduced an improved set of POCPs 
independently of meteorological and emission conditions specific 
to a given period or location. Whereas current POCP values may 
be relevant to estimate the photo-oxidant formation over a cer¬ 
tain (temporally and spatially well-defined) domain, this study 
has further introduced more relevant values with respect to po¬ 
tential impacts of ozone on human health and environment. 

Methods. For the computation of POCP values on the scale of 
Western Europe, independently of meteorological and emission 
conditions specific to a given period or location, a Eulerian chem¬ 
istry-transport numerical model (CHIMERE-continental) has 
been implemented over three summer seasons. POCPs have been 
evaluated for ten VOC species (including the whole VOC group), 
CO and NO x . The coherence of this new set of POCP values 
with previous studies has been checked. The spatial representa- 
tivity of POCP values over the simulation domain in Europe has 
also been addressed. The robustness of these POCP values to 
changes in the implemented chemical mechanism used in our 
model has been checked. 

Results and Discussion. The POCPs computed in this study were 
generally lower than the POCPs calculated in previous studies. 
In the previous studies, but not here, the POCPs have been cal¬ 
culated with particular meteorological conditions (during anti- 
cyclonic, fair weather conditions) or emission levels (high pol¬ 
luted backgrounds) known to be optimal with respect to ozone 
formation. Despite the quantitative variations in the POCP val¬ 
ues, we have found a good agreement in the relative ranking of 
the pollutant species between this study and previous studies. It 
was also shown that POCP values display significant spatial 
variability over Western Europe (the largest spatial differences 
were obtained for NO x where the sign of the POCP value even 
changes from region to region). 


Conclusions. Finally, the temporally and spatially averaged val¬ 
ues obtained here for the POCP index update previous values and 
represent an attempt to generate the most appropriate and accu¬ 
rate scale for European conditions independently of meteorologi¬ 
cal and emission conditions specific to a given period or location. 
Recommendations and Outlook. These new PCOPs should be 
useful to LCIA-practitioners in further life cycle impact assess¬ 
ment. However, for the NO x species, we do not recommend the 
use of the POCP value for LCIA. 


Keywords: Characterization factors; life cycle impact assess¬ 
ment (LCIA); photochemical atmospheric model; photochemi¬ 
cal ozone creation potentials (POCP); photo-oxidant formation 


1 Goal, Scope and Background 

A life cycle impact assessment (LCIA) has been defined by 
the Society of Environmental Toxicology and Chemistry 
(SETAC 1993a, 1993b and 1997) and the International 
Standard Organization (ISO 1999) as a relative approach 
based on a functional unit for characterizing and assessing 
the potential effects of the environmental burdens (resources 
used and emissions released) identified in a life cycle inven¬ 
tory (LCI). As stated by ISO (1999), an LCIA consists of three 
mandatory elements (scoping including impact category and 
model selection, classification, and characterization), which 
can be followed by four optional elements (normalization, 
grouping, weighting, and data quality analysis). This paper 
deals with the characterization element of LCIA, which in¬ 
cludes modelling, quantification, and aggregation of inven¬ 
tory data within a particular impact category. The aim of this 
paper is to improve the characterization of photo-oxidant for¬ 
mation (i.e. tropospheric ozone formation) in LCIA. 

The study presented was initiated by RE.CO.R.D (French re¬ 
search network on solid waste) for suggesting an improved 
set of characterization factors for photo-oxidant formation in 
LCIA to industry members of RE.CO.R.D (RECORD 2002). 

1.1 Tropospheric ozone 

Photo-oxidant formation, also known as summer smog since 
about 50 years (McCabe 1952), is generally regarded as one 
of the impact categories to be considered in impact assess- 
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ment. Photo-oxidant formation is the formation of reactive 
chemical compounds such as ozone by the action of sun¬ 
light on certain primary pollutants. On the regional scale, 
these reactive compounds may be injurious to human health 
and ecosystems and may also damage crops. Efforts are made 
all over Europe to deal with the tropospheric ozone problem 
both on a European and a local scale. Within the framework 
of the Convention on Long Range Transboundary Air Pollu¬ 
tion of the United Nations Economic Commission for Europe 
(UNECE/CLRTAP nitrogen protocols), the ozone problem is 
a topic of highest priority together with acidification. 

1.2 On photo-oxidant formation 

Photo-oxidants such as ozone may be formed in the tropo¬ 
sphere under the influence of ultraviolet light, through pho¬ 
tochemical oxidation of Volatile Organic compounds (VOCs) 
and carbon monoxide (CO) in the presence of nitrogen ox¬ 
ides (NO x ), in addition to a smaller natural background 
transported downwards from the stratospheric reservoir. It 
is the combination of the three essential factors (UV radia¬ 
tion, reactive volatile organic compounds and CO, and re¬ 
active nitrogen oxides) which makes a real environmental 
problem and a threat to human health and the environment. 

Photo-oxidant formation is a difficult impact category for 
several reasons. Many VOCs undergo rather similar reac¬ 
tions in the atmosphere, but each individual species has its 
own reaction path. The production of ozone caused by a 
certain VOC depends on the chemical and meteorological 
conditions of the environment into which the VOC is emit¬ 
ted. The very same VOC may give a high ozone production 
under conditions with higher NO x concentrations, and a low 
ozone production where the availability of NO x is critical 
(Carter 1994, Bowman and Seinfeld 1994ab). Atmospheric 
NO x levels depend on many factors, including the emission 
patterns, the strength of dispersion and on chemical loss. 
Furthermore, VOCs which produce many radicals during 
their photolytic degradation will speed up the oxidation of 
all other VOC present and thus increase the ozone produc¬ 
tion. Thus, high radiation intensity will increase the effi¬ 
ciency of VOCs to produce ozone. Therefore, a large spatial 
and temporal variability in the ozone creation potential of 
each VOC is expected. 

1.3 State of art in LCIA 

The numerous atmospheric species of VOCs vary widely in 
their contribution to photo-oxidant formation. Today, two 
basic methods are available for comparing the ozone crea¬ 
tion potential of different species of VOCs, based on: 

1. Photochemical Ozone Creation Potentials (POCPs, e.g. Derwent 
and Jenkin 1991, updated in Derwent 1998), which are developed 
for the European situation, taking into account average concen¬ 
tration levels of the relevant substances concerned. 

2. Incremental Reactivity (Carter 1994), developed in the US, adapted 
to conditions of maximum oxidant creation. 

Note a third method used in Eco-indicator 99 (Goedkoop and 
Spriensma 1999) has also been proposed (Hofstetter 1998), 
but it is directly derived from the current POCP approach. 


The two methods above include the use of atmospheric mod¬ 
els. Atmospheric photochemical models describe the chemical 
and meteorological features of the atmosphere and are used 
to study atmospheric processes. In LCIA, the POCPs of 
Derwent (1998) are widely used all over the world as a char¬ 
acterisation factor to assess and aggregate the emissions for 
the impact category photo-oxidant formation (Heijungs 1992): 

Photo-oxidant formation = E x POCP x •m x (1) 

where m x (kg) is the mass of substance X released, POCP x 
the photochemical ozone creation potential of the substance 
and Photo-oxidant formation is the indicator result, which 
is expressed in kg ethylene-equivalents. 

Photochemical Ozone Creation Potentials (POCPs) were 
originally developed to assess various emission scenarios for 
VOCs (Derwent and Jenkin 1991). A UN protocol defined 
the POCP of a VOC as the ratio between the change in ozone 
concentration due to a change in the emission of that VOC 
and the change in the ozone concentration due to an equally 
relative change in the emission of ethylene (UNECE 1990). 
Expressed as a formula: 

POCP x = 100 • [a x / b x ] / [a C2H4 / b C2H4 ] (2) 

where a x is the change in ozone concentration due to a change 
in the emission of compound X and b x the integrated emis¬ 
sion of X up to that time, with the denominator containing 
these parameters for ethylene, the reference substance. 

Practically, the numerator and the denominator are calcu¬ 
lated as follows: when atmospheric models are used to de¬ 
termine the ozone production from a certain substance X 
emission, two separate simulations are run, one with and 
one without an extra emission of that substance; the amount 
of ozone which is produced through the additional emission 
of X is then calculated as the difference in ozone concentra¬ 
tion between the two scenarios, divided by the amount of 
extra X added. 

1.4 Current limitations of the POCP concept used in LCIA 
and scope of our study 

The POCP concept as currently used in LCIA suffers from 
several limitations: 

1) First, recent POCPs were developed on the basis of re¬ 
gional European scenarios (Derwent 1998, Andersson-Skold 
1992 and 2000), but the atmospheric photochemical model 
which has been used is a Lagrangian one, i.e. considering a 
column of air with several layers (mixing layer, residual layer) 
moving along an air mass trajectory. This approach neglects 
horizontal mixing and dilution of pollutants, due to the ver¬ 
tical differences in the wind speed and direction. In this study, 
we therefore propose to extend this approach in the frame¬ 
work of a numerical Eulerian model (i.e. a three-dimensional 
atmospheric model) which permits one to describe the pol¬ 
lutant transport above West-Europe in a best way. 

2) Second, the current POCP values are based on a typical 
5-day trajectory describing air mass transport above Europe 
(note the Incremental Reactivity approach is based on a time 
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span of one day at most). This short time scale is very sensi¬ 
tive to the chosen initial conditions whereas it is well known 
that emission values (NO x and VOCs) and meteorological 
conditions are able to completely modify the photochemical 
pathway of the atmospheric system under study. Meteoro¬ 
logical conditions (winds, temperature, height of the mixing 
layer, radiation) and initial conditions for pollutants (namely 
for NO x and ozone) are chosen to represent typical values 
during anticyclonic, fair weather conditions. As the efficiency 
of ozone build-up from VOCs strongly depends on all these 
factors, the POCP values obtained in such a way are there¬ 
fore difficult to generalize. With respect to the LCA con¬ 
text, a longer term may also be more relevant because emis¬ 
sions which are aggregated in the inventory may occur at 
different place and time locations. In this study, we there¬ 
fore propose to compute POCPs over a much longer time 
scale, namely over a time period of 3 summer seasons, tak¬ 
ing into account the whole range of emission patterns and 
meteorological conditions occurring above Western Europe. 
3) As shown in equation 2, the POCP values are presented 
as relative values where the change in ozone concentration 
due to a certain pollutant is divided with the change in ozone 
concentration due to an equally large emission of ethylene. 
Actually, this notion of 'change in ozone concentration' re¬ 
fers to a variable (let us say AO a ) which can be defined in 
several manners. Generally, in the methods currently used, 
this variable (A0 3 ) is based on the difference in daily maxi¬ 
mum ozone concentration along the air mass trajectory or 
on the difference at a certain hour (always between a refer¬ 
ence simulation and one with extra emissions of VOC). In 
this study, we introduce other definitions for the target vari¬ 
able A0 3 , more relevant with respect to potential impacts of 
ozone on human health and ecosystem health. 

2 Model Description 

For the estimation of POCPs in Western Europe, we have 
used the European-scale CHIMERE model (Schmidt 2001, 
Vautard 2001) which is primarily designed to produce daily 
forecasts of ozone and other pollutants over Western Eu¬ 
rope and make long-term simulations. It is a 3-dimensional 
chemistry-transport model (CTM), simplified enough to al¬ 
low for long simulations, but realistic enough to allow for 
quantitative simulations of the large-scale ozone distribu¬ 
tion over continental areas, without the use of super-com¬ 
puters. This model (version 200108) is fully described on 
the internet at: http://euler.lmd.polvtechnique.fr /chimere/ 
CQNT200108 . Developments required for the computation 
of POCPs are presented hereafter. 

CHIMERE is based on the mass continuity equation for the 
concentrations of chemical species in every box of a given grid: 

+ V(uc) = V (KVc) + P - L (3) 

ot 

In this equation, characteristic for the Eulerian approach 
(see Seinfeld and Pandis 1998), c is a vector containing the 
concentrations of all model species for every grid box, u is 
the three dimensional wind vector, K the tensor of eddy dif- 
fusivity and P and L represent production and loss terms 


due to chemical reactions, emissions and deposition. In the 
following sections, the main features of the model are pre¬ 
sented. To keep the description brief, the reader is referred 
to existing literature wherever possible. 

2.1 Model domain and grid 

In the horizontal, the model uses a Cartesian latitude-longi¬ 
tude grid. The grid size of the model is 1/2 degree (both 
zonal and meridional). The number of zonal cells is 65 and 
the number of meridional cells is 33. The centre of the 
Southernmost-i-Westernmost cell is located at 10 degree W 
and 40.5 degree N. The Northernmost+Easternmost cell is 
located at 22E and 56.5N. Horizontal resolution is approxi¬ 
mately corresponding to EMEP emissions resolution and 
most large-scale, numerical, meteorological models' resolu¬ 
tion. In the vertical, the model uses 5 layers covering the 
boundary layer and the lower part of the free troposphere, 
from 0 to about 2500 m (the model top is a pressure level, 
namely the 750 hPa level). For the present study, the total 
number of grid points is thus: 65x33x5 = 10725 points, as 
shown in Fig. 1. 



Fig-i : The horizontal domain resolution covered by the CHIMERE model 


2.2 Production and loss fluxes 

Chemical mechanism. The chemical mechanism used in 
CHIMERE is MELCHIOR (Lattuati 1997) the original 
scheme of which describes more than 300 reactions of 80 
gaseous species; it is adapted from the original EMEP mecha¬ 
nism (Simpson 1992). All rate constants are updated accord¬ 
ing to Atkinson (1997) and DeMore (1997). In order to re¬ 
duce the computing time for long-time simulations, a reduced 
mechanism with 44 species and 116 reactions is derived from 
MELCHIOR (Derognat 1998 and 2002). A list of the model 
species and of the complete set of chemical reactions of this 
reduced mechanism, which is applied in the long-term simu¬ 
lation under study, is presented on the Internet ( http://euler. 
lmd. polvtechnique. fr/chimere/CQNT200108/ : then click on 
the section 'chemical mechanism'). 
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Transport. All the considerations related to horizontal trans¬ 
port, vertical transport, turbulent mixing and dry deposi¬ 
tion are detailed in Schmidt (2001). Let us say briefly that 
advection is performed by the PPM (Piecewise Parabolic 
Method) 3d order scheme. Vertical mixing is parameterised 
by a diffusion depending only on the height of the boundary 
layer, which is calculated from Richardson number profiles. 
Photolytic rates are attenuated as a function of cloudiness. 

Numerical resolution. The numerical method for the tem¬ 
poral solution of the stiff system of partial differential equa¬ 
tions (3) is adapted from the second-order, 1 WOSTEP algo¬ 
rithm originally proposed by Verwer (1994) for gas phase 
chemistry only. In this study, the time step (i.e. the value of 
At in equation 3) between two reactualisations of the con¬ 
centrations of all model species for every grid box is 300 
seconds; the same time step (300 s) was used to reactualise 
the meteorological data. 

2.3 Input data into the model 

Meteorological input. The CHIMERE model requires me¬ 
teorological input variables; these are 3D data: Horizontal 
wind (transport), Temperature (chemistry), Density (chem¬ 
istry and transport), Specific humidity (chemistry). Height 
of model layers (model geometry); and 2D data: Tempera¬ 
ture at 2m (deposition, biogenic emissions). Photolysis at¬ 
tenuation due to clouds (chemistry/photolysis), Low cloud 
fraction (mixing), Richardson number (deposition), Convec¬ 
tive precipitation (mixing), Boundary layer heights for ur¬ 
ban and non-urban cases. 

It was decided to use operationally available meteorological 
forecast data as an input. For the present study, data from 
the European Center for Medium Range Weather Forecast 
(ECMWF) are used, which are calculated by a model avail¬ 
able on the same 0.5° x 0.5° horizontal grid that is used in 
CHIMERE. The number of vertical levels of ECMWF model 
between 0 and 2500 m is about 10. The data are averaged 
within the CHIMERE model layers, except for the first layer 
where data from the first ECMWF layer are used without 
interpolation. The time resolution of the data which are used 
is six hours. An exception is made for the temperature fields 
(three hours) in order to avoid an insufficient determination 
of stability parameters encountered with 6-hourly data. 

Emission data. CHIMERE requires input emission for 15 
model species (13 anthropic emissions and 2 biogenic emis¬ 
sions). These model species are: NO, N0 2 , S0 2 , CO, CH 4 
(methane), C 2 H 6 (ethane), NC 4 H 10 (n-butane), C 2 H 4 (ethene), 
C 3 H 6 (propene), C 5 H 8 (isoprene), OXYL (o-xylene), HCHO 
(formaldehyde), CH 3 CHO (acetaldehyde), CH 3 COE (me¬ 
thyl ethyl ketone), and APINEN (a-pinene). Annual data of 
anthropogenic emissions for the four classes NO x , SO z , CO 
and non-methane volatile organic compounds (NMVOC) 
are taken from the EMEP data base for 1998 < http://www. 
emep.int > NMVOC emissions then have to be split into 10 
classes represented within the models chemical mechanism. 
To this purpose, they are first distributed for each country 
into different broad activity sectors (traffic, solvents, indus¬ 


trial and residential combustion, others), according to data 
prepared by IER (Institute for Energy Economics and Ra¬ 
tional Use of Energy, University of Stuttgart) in the frame¬ 
work of the EUROTRAC/GENEMIS project (GENEMIS 
1994). Second, for each sector, NMVOC emissions are split 
into 32 classes with similar structures and reactivity, fol¬ 
lowing a classification of Middleton et al. 1990, and using 
VOC profiles again from IER. Third, VOCs from these 32 
classes are aggregated into the 10 classes represented within 
CHIMERE, by applying mass and reactivity weighting as 
proposed by Middleton et al., 1990. Four monthly, daily 
and hourly variations of the emissions are modelled by im¬ 
posing respective variations available from the GENEMIS 
(1994) data base. 

Biogenic emissions of isoprene and terpenes (affected to a- 
pinene in the chemical mechanism) are estimated from the 
SEI (Stockholm Environment Institute) land cover data base 
which details the fraction of different tree species over Eu¬ 
rope on a 50 km grid (EMEP type), by using the spatial 
species distribution described in Simpson (1999). The de¬ 
pendence on temperature and insulation is parameterised 
(Guenther 1997). 

Boundary and initial values. Boundary concentrations are 
prescribed for fourteen species relevant for photo-oxidant 
formation and with longer lifetime (0 3 , N0 2 , CO, PAN, 
CH 4 , C 2 H 4 , C 2 H s , C 3 H 6 , NC 4 H 10 , CHjCHO, HCHO, 
HN0 3 , H 2 0 2 , CH 3 0 2 H) using a climatology with monthly 
mean data from the global MOZART CTM (Hauglustaine 
1998) with a horizontal resolution of 2.8° x 2.8° and about 
10 vertical layers up to the model top of CHIMERE. The 
same climatological data are also used to initialise the model. 
The initial value problem is not of importance for the present 
study since the simulation is continuous and model results 
are used after a spin-off time of ten days, when the initial 
values do not affect the results anymore. 

3 POCP Values for 15 Gas Species 

In this study, the POCPs have been computed for 12 pollutant 
species: the 10 VOCs classes represented within CHIMERE 
(i.e. APINEN, C 2 H 4 , C,H 6 , C 3 H 6 , C 5 H 8 , CH 3 CHO, 
CH 3 COE, HCHO, NC 4 H 10 and OXYL) plus CO and NO x . 
The readers are referred to Table 1 to see for which broader 
classes of VOC compounds these model species stand for. 
These POCPs have been computed for a long period of time, 
namely the three extended summer seasons 1997 to 1999, 
from May to August, with the aim of estimating temporally 
and spatially averaged POCPs for Western Europe, inde¬ 
pendently of meteorological and emission conditions spe¬ 
cific to a given short period. The period from May to Au¬ 
gust generally corresponds to the time when large ozone 
concentrations can present an environmental problem for 
Europe. Emission data were those from the EMEP data base 
for 1998; we have considered that emission data stay con¬ 
stant during this 3-year period. 

A first run of the CHIMERE model was implemented to 
calculate the ozone concentration baseline across the entire 
model domain. For instance, the values obtained for the near 
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Fig- 2: Ozone peak (in ppb) average during 3 summer seasons (1997, 
1998, 1999) at the ground level of the CHIMERE-continental model 


surface (at 25 m height) daily ozone peak in this base case 
scenario are given in Fig. 2 and show a high spatial variabil¬ 
ity. A similar mapping has been obtained for daily average 
ozone concentrations. The POCP value for a particular pol¬ 
lutant X (one out of the twelve under study) was then calcu¬ 
lated by running a separate simulation with an extra emis¬ 
sion of X. For that purpose, a relative incremental change 
of 0.1% was employed in the emission pattern for X across 
the entire model domain. A further simulation (called here¬ 
after TOTVOC) has been performed where the emission 
pattern of every VOC species has been increased in the same 
proportion (0.1%): this simulation has permitted the compu¬ 
tation of a POCP value for the entire VOC class. Note the 
choice of the magnitude of this extra emission increment was 
entirely arbitrary and does not affect the results as long as 
ozone changes induced by the extra emissions are in a linear 
range (which was verified to be true). We draw the reader's 
attention to the fact that relative increments of emission changes 
have been applied rather than absolute ones. The underlying 
hypothesis is that a given additional VOC source will most 
probably be spatially distributed in a similar pattern as al¬ 
ready existing VOC sources. Additional VOC emissions due 
to gasoline reformulation, for example, should closely follow 
the distribution of already existing traffic emissions. 

This increased pollutant emission stimulated additional 
ozone formation with respect to the base case and this in¬ 
cremental ozone amount is first calculated for each grid point 
within the model domain and each time step. In order to 
obtain temporally and spatially averaged POCP values rep¬ 
resentative for Western Europe, these ozone increments were 
then averaged over the entire model domain and averaged 
or accumulated over the entire simulation period. These 
averaged ozone increments were compared with the corre¬ 
sponding increments for a reference hydrocarbon, taken to 
be ethylene (ethene). The POCPx for a particular pollutant, 
X, was accordingly defined in equation (4) as: 

Ozone increment with the pollutant X • 100 ... 

POCPx =--- (4) 

Ozone increment with ethylene (ethene) 


for an incremental change of 0.1% in the emission pattern 
of X and ethylene. 

In this study, we have used several baselines for ozone amount 
in order to define an ozone increment as used in equation 
(4). Two of them are classical: 

1) the average daily ozone concentration (vertically inte¬ 
grated from the ground level to 750 hPa, e.g. about 
2.5 km); 

2) the maximum daily ozone concentration (ozone peak), 
at the ground level (25 m height). 

These quantities are calculated for each grid point of the 
model domain and each day, and may be relevant to esti¬ 
mate the photo-oxidant formation over this domain. We have 
also introduced new definitions, more relevant with respect 
to potential impacts of ozone on human health and ecosys¬ 
tem health. In Europe, several threshold values for ozone 
concentration have been defined in Directive 92/72/EEC 1 
on air pollution by ozone. For instance, the so called critical 
level AOT40 2 (Accumulated Ozone exposure over a Thresh¬ 
old of 40 ppb) is used to describe ozone damage to vegeta¬ 
tion. Because such a quantity can be associated to an ozone 
concentration (at the ground level), we have then decided to 
use the quantity AOT40 as a baseline for the calculation of 
ozone increment in equation (4). We can derive two other 
variables from the EU legislation which can be used to de¬ 
scribe ozone damages to health: AOT60 and AOT 90 
(AOT60 corresponds to a long-term health protection thresh¬ 
old, and AOT90 corresponds more or less to the threshold 
in ozone concentration for information to the public for 
short-term ozone exceedability). Thus, the following vari¬ 
ables have also been used to define an ozone increment as 
used in equation (4): 

3) the AOT40 value associated to ozone concentration (at 
the ground level), 

4) the AOT60 value associated to ozone concentration (at 
the ground level), 

5) the AOT90 value associated to ozone concentration (at 
the ground level). 

Hereafter, we use the generic term 'target variable' to refer 
to the employed ozone amount baseline (5 types of target 
variables are thus described in this study). Please note that 
target values 1 and 2 are averaged over the simulation pe¬ 
riod, whereas target variables 3, 4 and 5 are accumulated 
during this period. For each separate target variable we have 
defined the corresponding POCP values for each of the 12 
pollutant species under study, namely: POCP mean , POCP peak , 
POCP AOT40 , POCP AOT60 , POCP AOT90 . 


1 Council Directive 92/72/EEC of 21 September 1992 on air pollution by 
ozone [Official Journal L 297, 13.10.1992]. 

2 AOTx is an accumulated value given in ppb.hours and is calculated over 
a certain period of time as the sum of the exceedance of the ozone con¬ 
centration above x ppb for daylight hours (from 8h00 to 20h00). Ozone 
levels below x ppb are not included in AOTx. (at 20°C and 1013 mb 
pression, 1 ppb of ozone is equivalent to 2 pg / m 3 ). 
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Table 1: Spatially and temporally averaged values for POCPs on Western Europe 


Pollutant species 

(MELCHIOR 

compound) 

Corresponding item 
in life cycle Inventory 

POCP™,,, 

POCPaotm 

POCPaotm 

POCPaotm 

POCPpMk 

CO 

Carbon monoxide 

2.0 

1.9 

2.3 

2.2 

1.8 

C 2 Hs 

Ethane 

2.1 

3.3 

4.8 

5.9 

3.1 

NC 4 H 10 

Other alkanes 

10 

15 

19 

22 

14 

CjH, 

1 Ethene (ethylene) 

100 

100 

100 

100 

100 

c 3 h 6 

Other alkenes 

67 

75 

82 

91 

76 

c 5 h. 

Isoprene 

23 

33 

39 

30 

29 

APINEN 

Terpenes 

2.2 

11 

15 

16 

9 

Oxyl 

Aromatics HC, phenols 

44 

53 

59 

68 

54 

HCHO 

Formaldehyde 

41 

43 

40 

45 

43 

CH 3 CH0 

Other aldehydes 

6.3 

11 

20 

23 

11 

CH 3 COE 

Ketones 

6.7 

14 

17 

21 

14 

TOTVOC 

Total VOC 

21 

27 

32 

34 

26 

NO, 

Nitrogen oxides 

95 

59 

66 

27 

50 


Finally, the values obtained for the POCP index are given in 
Table 1 and are discussed in some detail in the paragraph be¬ 
low. The spatially and temporally averaged POCPs in this table 
are complementary to previous values (Derwent et al. 1998) 
and represent an attempt to generate the most appropriate and 
accurate scale for European conditions independently of mete¬ 
orological and emission conditions specific to a given period. 

4 Discussion 

4.1 Environmental relevance of POCPs 

As discussed earlier, we have used several baselines for ozone 
amount in order to define an ozone increment as used in 


equation (4). Table 2 gives an overlook of the environmen¬ 
tal impact which could be associated with each of the five 
baselines considered in this study. The first two baselines 
are directly related to physical variables (mean or daily maxi¬ 
mum ozone value).The other three are more complicated, 
as they correspond to the accumulated amount above cer¬ 
tain threshold values which have been defined for plant and 
for health damage (AOT40 and AOT60, respectively). The 
last POCP is related to the accumulated ozone above 90 
ppb (AOT90), knowing that 90 ppb is the threshold level 
for information of the public with respect to short-term 
ozone pollution. 


Table 2: Interpretation of the different POCP values introduced in this study 


POCP values 

Method of calculation of the ozone increment 

Related environmental impact 


POCP mean 

Average daily ozone concentration (vertically 
integrated from the ground level to 750 hPa, 
e.g. about 2.5 km) 

- Marginal change in the atmospheric composition 

- No direct relation with either environmental or health 
problems 

Physical impact 

POCP peak 

Maximum daily ozone concentration (ozone 
peak), again at the ground level (25 m height) 

- Marginal change in the atmospheric composition at 
daily pollution maximum 

- Hypothetical health impact (not proven) 

- No direct relation with either environmental or health 
problems short-term exposure to a very polluted 
period (peak of pollution) 

Physical impact with 
hypothetical health 
impacts in the short¬ 
term 

POCPaot4o 

Cumulative hourly ozone concentration above 
a threshold of 40 ppb at the ground level 
(25 m height), all over one summer period 

- Cumulative marginal change (above threshold) in the 
atmospheric composition 

- Threshold defined in relation with damage to plants 
and crops 

- Long-term exposure (one summer period) to a low 
polluted period (above 40 ppb) 

Environmental impact 

POCPaot6o 

Cumulative hourly ozone concentration above 
a threshold of 60 ppb at the ground level 
(25 m height), all over one summer period 

- Cumulative marginal change (above threshold) in the 
atmospheric composition 

- Threshold defined in relation with damage to health 

- Long-term exposure (one summer period) to a mid 
polluted period (above 60 ppb) 

Health impact 

POCPaotm 

Cumulative hourly ozone concentration above 
a threshold of 90 ppb at the ground level 
(25 m height), all over one summer period 

- Cumulative marginal change (above threshold) in the 
atmospheric composition 

- Threshold defined in relation with damage to health 

- Long-term exposure (one summer period) to a high 
polluted period (above 90 ppb) 

Health impact 
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4.2 Spatially and temporally averaged POCPs 

The POCPs for a particular VOC exhibit significant varia¬ 
tions depending upon the ozone variable chosen (ozone con¬ 
centration, ozone peak, AOT40, AOT60 or AOT90) for 
calculating the ozone increment: the POCPs for alkanes, for 
instance, cover the range 10-22, from a lower value (10) for 
POCP mean to a higher value (22) for POCP AOT90 ; this range is 
indeed much higher for NO x (27 to 95). Despite the ampli¬ 
tude of these variations between the different approaches used 
to compute POCPs (namely POCP mean , POCP peak , POCP AOT40 , 
POCP AOT60 and POCP AOT90 ), all these approaches generate 
POCPs which show the same progression: CO < C 2 H S < 
APINEN < CHjCHO < CH 3 COE < NQH 10 < C 5 H 8 < HCHO 
< OXYL < C 3 H 6 < C 2 H 4 . Much more difficult is the position¬ 
ing of NO x within this scale, because it is highly dependent 
upon the ozone variable considered. 

Although values given in Table 1 have been computed over 
three extended summer seasons, we also have analysed indi¬ 
vidual summers. For most of the VOC species, the POCPs val¬ 
ues obtained for each summer season were generally similar to 
the POCPs values over the whole three seasons. Interestingly, 
for some species (C 3 I I 6 , CH 3 CHO, HCHO, NO x and OXYL), 
the POCPs values obtained for a particular season (1999) were 
very different as compared to the POCPs calculated over the 
three seasons; the most important variation was obtained for 
NO x the POCP AOT90 of which was negative in 1999 while its 
average value over the three seasons was 27. We must therefore 
accept the need to consider a pattern of several years for the 
computation of truly representative POCPs (at least three years). 

4.3 Dependence of POCPs on chemical mechanism 

We have checked that POCPs values obtained here for VOCs 
are, for the most part, increasing with their reactivity towards 
the OH radical (which performs their chemical degradation) 


(Darnall et al. 1976) - except for APINEN, C 2 H 4 , C 5 H 8 , 
CH 3 CHO, but the variations can be explained by the spatial 
differentiation of NO x emission over the entire model domain 
(APINEN, C 5 H 8 ) in these cases; the competition between PAN 
and ozone formation (CH 3 CHO); the high ozone yield in com¬ 
parison to other species (C 2 H 4 ). Furthermore, there are a 
number of reasons to check whether the POCPs generated in 
this study are dependent on the implemented chemical mecha¬ 
nism. The calculation of the POCPs has therefore been repeated 
with the complete version of MELCHIOR (instead of the re¬ 
duced one) over a short period of time (5 days, from 06 / 08 / 
1998, OOh to 11 / 08 /1998,23h). Except for NO x , the POCPs 
calculated with the complete version of MELCHIOR were 
very similar to those calculated with the reduced version; the 
maximum difference was below 20 in an absolute scale for 
the POCP AOT90 and in general below 10 for the other POCPs. 
For NO x , however, the differences were up to 40 between the 
reduced and the complete mechanism. Therefore, with the ex¬ 
ception of NO x , the POCP values can be considered to be 
quite robust with respect to the tested chemical mechanisms. 

4.4 Dependence of POCPs on local emissions of NO x 
and VOCs (spatial variability) 

Next, we address the spatial representativity of POCP val¬ 
ues over the simulation domain in Europe. We limit the dis¬ 
cussion here to the POCP values relative to daily ozone peaks 
(POCP k ), but the major conclusions are similar for other tar¬ 
get values (POCP mKm , POCP AOT40 , POCP AOT60 and POCP AOT90 ). 
For all compounds, Fig. 3 shows a more or less pronounced 
spatial variability in the POCP values, proving that the POCP 
values given in Table 1, which are spatially averaged over 
the entire domain model (Western Europe), are not repre¬ 
sentative of the local POCPs. In the following, these distri¬ 
butions are commented and tentative explanations given with 
respect to some pollutant species. 



Fig. 3: Spatial variability of POCP values for ozone peaks (in ppb) over Europe 
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NC 4 H 10 shows maximal POCPs, up to over 30, in the Adrian 
and Ligurian Sea. These enhanced values can be explained 
by the fact that NC 4 H 10 is less reactive than ethene, thus its 
POCP tends to be maximal off-wind of large emission sources 
like the Po valley (Northern Italy), where ethene is already 
consumed, but where still enough NO x is present to form 
ozone. On the contrary, over a large part of Western and 
Central Europe, NC 4 H 10 shows rather constant average val¬ 
ues close to its average POCP of 14 (see Table 1). 

OXYL, C 3 H g and HCHO show rather similar spatial pat¬ 
terns. They all are more reactive than ethene, thus, in con¬ 
trast to NC 4 H 10 , they tend to show larger POCP values near 
strong emission sources present in Southern and Middle 
England, Benelux, Northern France, Western Germany and 
Northern Italy. Also more localised maxima are seen as in 
the Marseille region, Rome, Naples, Barcelona and Madrid. 

POCPs for isoprene (C 5 H 8 ) are largest where its emissions 
are large with respect to anthropogenic emissions. This is 
the case especially for France and for parts of the Mediter¬ 
ranean area. Enhanced POCP values are also exported in a 
way over the sea (Western Atlantic or Mediterranean Sea) 
even without isoprene emissions being there. Indeed, while 
the isoprene atmospheric lifetime is very short (less than 1 h 
for OH attack during day-time), that of its oxidation prod¬ 
ucts is larger (in the range of hours to days) and thus still 
affects areas at some distance from the emission sources. 

NO x is the only compound showing negative POCP (see Fig. 3) 
over large areas, especially in the high emission regions in 
Northwest Europe. There, additional NO x emissions lead 
to smaller ozone peak values indeed, mainly because N0 2 
inhibits ozone production by trapping the OH radical (Sillman 
1999, Honore 2000). This effect is comparatively less pro¬ 
nounced over the Po valley, where radiation and thus radical 
production is larger than over Northwestern Europe. In the 
emission poor regions in the southern part of the model do¬ 
main, POCP values above 100 are frequently calculated. This 
large spatial variability in the POCP values for NO x shows 
that this concept is particularly difficult to apply for NO x . 


4.5 Comparison with previous studies 

Table 3 gives the values obtained for the POCP index in 
previous studies and the values obtained in this study (in the 
last columns). 

The POCPs computed in this study were generally lower 
than the POCPs calculated in previous studies. In the previ¬ 
ous studies, but not here, the POCPs have been calculated 
with particular meteorological conditions (during anticy- 
clonic, fair weather conditions) or emission levels (for the 
most cases, large emission levels, i.e. highly polluted back¬ 
grounds), known to be optimal with respect to ozone for¬ 
mation. Despite the quantitative variations in the POCP 
values, it is important to underline the good agreement in 
the relative ranking of the pollutant species between this 
study and previous studies. 

5 Conclusion and Outlook 

This paper proposes a new set of characterization factors for 
quantifying the photo-oxidant formation impact category in 
LCIA. As a baseline it could be recommended to use the spa¬ 
tially and temporally averaged POCP values computed in this 
study. These values are representative for the average distri¬ 
bution of meteorological and emission patterns all over West¬ 
ern Europe, independently of meteorological and emission 
conditions specific to a given period or location. We therefore 
propose to name the POCPs obtained in this study 'climato¬ 
logical POCPs' as these values represent an attempt to be in¬ 
dependent of meteorological and emission conditions specific 
to a given period or location. Note that relative increments 
rather than absolute ones have been used to calculate the POCP 
values, making the underlying hypothesis that new emission 
sources would most probably follow the spatial pattern of 
already existing ones. Another advantage of the POCP AOX40 , 
POCP AOTg0 and POCP AOT90 values introduced in this study 
may be their relevance with respect to potential impacts of 
ozone on human health and ecosystem health. A further so¬ 
phistication of this concept, but probably beyond the scope of 
LCIA, would have consisted in weighting the calculated indi- 


Table 3: POCPs values from (1) Derwent and Jenkins 1991 (European ozone concentration over three air trajectories, average over 5 days; (2) Derwent 
1996 (UK ozone concentration, average over 5 days; (3) Derwent 1998 (UK ozone concentration, average over 5 days); (4) Andersson-Skold and 
Holmberg 2000; (London, ozone concentration, average over 36h); (5) Andersson-Skold and Holmberg 2000; (European background, ozone concentra¬ 
tion, average over 96h); POCP mean , POCP peak , and POCP AOT90 . this study (European background, average over 3 summer seasons) 


Pollutant specie 
(MELCHIOR 
compound) 

Corresponding Item in 
life cycle inventory 

(1) 

(2) 

(3) 

(4) 

(5) 

POCP™*, 

POCPp^k 

POCPaoto 

CO 

Carbon monoxide 

- 

3 

- 

- 

- 

2 

2 

2 

CzHg 

Ethane 

8 

14 

12 

3 

6 

2 

6 

5 

NC 4 H 10 

Other alkanes 

41 

60 

35 

16 

32 

10 

22 

19 

CiPL 

Ethene (ethylene) 

100 

100 

100 

100 

100 

100 

100 

100 

CaHs 

Other alkenes 

103 

108 

112 

139 

90 

67 

91 

82 

CsH e 

Isoprene 

- 

118 

109 

- 

- 

23 

30 

39 

APINEN 

Terpenes 

- 

- 

- 

- 

- 

2 

9 

16 

Oxyt 

Aromatics HC, phenols 

67 

83 

105 

67 

75 

44 

68 

59 

HCHO 

Formaldehyde 

42 

55 

52 

115 

53 

41 

45 

40 

CH 3 CHO 

Other aldehydes 

53 

65 

64 

68 

56 

6 

23 

20 

CH 3 COE 

Ketones 

42 

51 

37 

49 

44 

7 

22 

17 

TOTCOV 

Total VOC 

- 

- 

- 

- 

- 

21 

26 

34 

NO, 

Nitrogen oxides 

- 

- 

- 

- 

- 

95 

50 

27 
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cators over vegetation and population density. It was also 
shown that POCP values display significant spatial variability 
over Western Europe. The largest spatial differences were ob¬ 
tained for NO x , where the sign of the POCP value even changes 
from region to region. For this species, the method to derive 
POCP values was the least robust. Although we do not rec¬ 
ommend the use of a unique POCP value for NOx in the frame 
of LCIA, some qualitative statements about the impact of NOx 
emissions on photochemical ozone build-up can be drawn from 
this study: for most parts of Europe, additional NOx emis¬ 
sions lead to additional ozone formation. Only close to strong 
emission sources, and especially in a region covering England, 
Benelux and Rhine-Ruhr area in Western Germany, additional 
NOx emissions lead to less ozone formation. This is consist¬ 
ent with previous studies using the EMEP model (EMEP, 2003). 
Aside from air quality aspects, it should be kept in mind that 
NOx strongly contributes to global scale ozone build-up and 
thus to climate change. However, this aspect was not covered 
in our study. 
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